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Simulation Studies of the Electrocardiogram
I. The Normal Heart W A L T E R T. MILLER, III, AND DAVID B. GESELOWITZ SUMMARY A digital computer model is presented for the simulation of the body surface electrocardiogram (ECG) during ventricular activation and recovery. The ventricles of the heart are represented in detail by a three-dimensional array of approximately 4000 points which is subdivided into 23 regions. Excitation sequence and cellular action potential data taken from the literature are used to determine the spatial distribution of intracellular potentials at each instant of time during a simulated cardiac cycle. The moment of the single dipole representing each region is determined by summing the spatial gradient of the intracellular potential distribution throughout the region. The resulting set of 23 dipoles is then used to calculate the potentials on the surface of a bounded homogeneous volume conductor with the shape of an adult male torso. Simulated isopotential surface maps during both activation and recovery are in good agreement with data for humans reported in the literature.
MAXIMAL use of the electrocardiogram (ECG) in diagnosing and quantifying cardiac abnormalities is at present limited by an incomplete understanding of the relationships between body surface potentials and intracardiac electrical events. One technique for gaining insight into these relationships is through the use of mathematical models in simulation studies. The advantage of this approach lies in the ease with which the computed surface potential distributions can be interpreted in terms of the electrical sources used in the simulation. The simulation sources should be related as closely as possible to electrical activity at the cellular level.
Ventricular activation is generally considered to take place in a propagating layer approximately 1 mm in width, termed the wavefront of activation. 1 It has been noted that the resulting volume conductor currents are similar to those that would be generated by a sheet of current dipoles oriented in the mean direction of propagation of the wavefront. This concept has been used successfully in simulating the major features of torso surface potential distributions during ventricular activation. 2 " 3 In such model studies, the heart is generally divided into a number of regions, each of which is represented by a single current dipole. At a given instant during activation, each dipole is assigned a magnitude which is proportional to the surface area of the wavefront of activation in the corresponding region and is oriented in the mean direction of propagation of the wavefront in the segment. Surface potentials are then calculated using the discrete set of current dipoles as the simulation sources.
Unlike activation, the sources during recovery are dis-tributed throughout the ventricular myocardium. Owing in part to this distributed nature of the sources, the modeling of ventricular recovery has lagged behind the modeling of activation. To date, no simulations of surface potential distributions during recovery have been reported. Harumi et al. 4 first demonstrated in a simulation study that a distribution of action potential durations (inferred from measurements of functional refractory periods) coupled to realistic activation surfaces could Be used to explain the observed configuration of the T wave. Later, Thiry et al. 5 combined activation and recovery modeling techniques and developed a multiple dipole model with which corresponding QRS complexes and T waves in a standard 12-lead ECG could be simulated. Although the specific formulations used in these two recovery models were very different, both used the concept that during recovery the source currents were at least in part created by differences in intracellular potentials in neighboring portions of the myocardium. Thiry termed this the "contiguity effect."
A similar concept is employed in the "SI model" (spatial intracellular potential) of Spach et al. 6 This model is based on the expression for the extracellular potentials surrounding a single nerve fiber. In this situation the membrane current can be approximated by the second spatial derivative of the intracellular potential evaluated along the fiber axis. The SI model assumes that a network of cells can be treated as one large cell so that net membrane currents can still be determined from the second spatial derivative. In separate experiments, this model was successful in predicting the extracellular potentials surrounding a single Purkinje strand 6 and the epicardial ST-T potentials resulting from ectopic beats in a dog. 7 In this study, we used a technique for obtaining simulation sources directly from the intracellular potential distribution. This method is mathematically similar to the SI model but is applicable to a general three-dimensional distribution of cells. The technique was tested in a VOL. 43, No. 2, AUGUST 1978 model in which the ventricles of the human heart were represented in detail and were considered to be located in a homogeneous volume conductor with realistic surface boundaries. Distributions of intracellular potentials at successive instances throughout the cardiac cycle (activation and recovery) were simulated using a realistic activation sequence and an assumed distribution of action potential durations. The corresponding torso surface potential distribution at each instant of time was then calculated and compared to isopotential surface maps reported in the literature for normal human subjects.
Methods

The Heart Model
In this study the geometry of a human heart was represented by a series of 16 cross-sections along planes perpendicular to the base to apex axis. A rectangular grid of discrete points was superimposed on each cross-section, resulting in a three-dimensional array of approximately 4000 points representing the ventricles of the heart (Fig.  1A) . The array was scaled to give a largest diameter (left epicardium to right epicardium at the base) of 90 mm and a base to apex length of 74 mm. The resulting separation between adjacent cross-sections was approximately 4.64 mm and the distance between nearest points in the same cross-section was 3.75 mm.
To simulate distributions of intracellular potentials, it was necessary to assign an activation time and action potential shape to each point in the ventricles. Activation times were obtained by adapting isochrone data reported in the literature 8 ' 9 for the human heart to the crosssections used in the model. Isochrones were constructed in 10-msec steps, the total duration of the simulated activation sequence being 80 msec (Fig. IB) . The corresponding activation time at each point in the model was then determined.
The activation isochrones shown in Figure IB were developed in the following manner. The general shapes of the isochrones were first determined from data reported in the literature for both measured and simulated activation sequences. Since in the model the heart was represented in detail, it was necessary to interpolate using the available data in order to obtain three-dimensional activation surfaces involving the entire ventricular myocardium. The resulting total dipole for the heart model was calculated in 10-msec steps and compared to vectorcardiograms from normal human subjects. The precise timing of events in the right ventricle with respect to those in the left ventricle, and in the inferior wall with respect to those in the superior wall, was then adjusted in a series of trials. Because of the large degree of source cancellation during activation, small changes in relative timing had significant effects on the total heart dipole. Trials were continued until the computed dipole fell within normal vectorcardiographic limits. No further adjustments of the activation data were made on the basis of surface potential distributions.
Measurements of functional refractory periods at various sites in the ventricular myocardium have indicated that the durations of the cellular action potentials are generally shorter near the epicardium than near the endocardium, and shorter near the base than near the apex. 10 The exact nature of this distribution of action potential durations throughout the myocardium is not known. It also is not clear how these differences in action potential durations are reflected in the details of the shapes of the individual action potentials. To assign a cellular action potential to each point in the model, it thus was necessary to make a number of assumptions.
In this study, the same relative action potential shape was used at all points in the model. Depolarization was represented by a step change in intracellular potential from the resting value of -90 mV to 10 mV at the activation time. Repolarization was then modeled by a series of six linear segments as shown in Figure 2 . A decrease in duration was accomplished by proportionally decreasing the duration of the first two segments of repolarization. A relative distribution of action potential durations was assigned so that there was a principal gradient from epicardium to endocardium and a secondary gradient from base to apex. The magnitudes of these gradients were then scaled to achieve realistic T wave magnitudes in the simulation. The resulting distribution of action potential durations is shown in Figure 1C .
The Torso Model
The heart model was assumed to be located in a homogeneous volume conductor with the shape of an adult male torso truncated at the neck, below the waist, and at the arms." The surface boundary was represented by 1426 triangular surface elements. To simplify calculations, no internal inhomogeneities were considered. The position of the heart in the torso was obtained from standard anatomy texts. Figure 3 shows the torso boundaries and the position of the heart model.
Calculation of Surface Potentials
Consider a three-dimensional distribution of interconnected cells representing the ventricular myocardium. If gradients of intracellular potentials exist, it can be assumed that a net current flows in the intracellular network from regions of higher intracellular potentials to regions of lower intracellular potentials as given by
where J; is the net intracellular current density, a, is the effective conductivity of the intracellular network, and Oi is the intracellular potential. Jj can also be interpreted as the current dipole moment per unit volume in the extracellular medium (see Appendix) and is proportional to the spatial gradient of the intracellular potential distribution. This provides the basis for computing torso surface potentials from the spatial distribution of intracellular potentials. Jj is first calculated from the intracellular potentials by evaluating V$j throughout the myocardium. The boundary value problem is then solved using Jj as the source of the volume conductor fields.
Since the heart is represented in the model by an array of discrete points, the gradient function can be approximated at each point from the simulated intracellular potentials at its six nearest neighbors. The simulation sources are thus a set of approximately 4000 time-varying current dipoles.
The techniques are well known for relating internal current dipoles to the potential distribution on the surface 2 Such computations using a realistic torso geometry are very complex, however, and it is thus desirable to use as few dipoles as possible. For this reason the heart model was divided into 23 regions, each of which was represented by a single dipole located at the centroid of the region. The moment of each of these 23 dipoles was obtained by summing the computed moments of the dipoles at all of the points within the corresponding region. Surface potentials were then calculated from the set of 23 dipoles using transfer coefficients previously obtained by Cuffin. 13 A summary of the procedure used to calculate the surface potentials at each instant of time is as follows:
1. The simulated intracellular potential at each point in the heart model was calculated using the assigned activation times and action potential data.
2. The value of the gradient of the intracellular potential distribution was approximated at each point by discrete differences of the potentials at its six nearest neighbors. The result was a current dipole at each point in the model.
3. The moments of the 23 dipoles were obtained by summing the moments of the dipoles at all of the points within the corresponding regions of the heart model. 4. Potentials on the surface of the torso were calculated using the set of 23 dipoles.
Results
Activation
Figures 4-11 show torso isopotential surface maps resulting from the simulation of ventricular activation. Since the simulation potentials were calculated in arbitrary units, a scale factor was determined to give a maximum potential of approximately 2 mV. This scale factor was used throughout the simulation of activation and recovery. The surface potentials were referenced to the computed potential of Wilson's central terminal. Below the torso views, the corresponding distributions of intracellular potentials are shown on five cross-sections of the heart model. Figure 1A indicates the position of these sections with respect to the base-to-apex axis. The values of the isopotential lines surrounding relative maxima and minima of intracellular potential on each section are Early in the simulation of activation, the torso isopotential pattern was that of a precordial maximum with a smaller dorsal minimum. During the upstroke of R in lead II, the maximum moved slowly to the left increasing in magnitude, while the minimum moved toward the right shoulder, appearing anteriorly just before the peak of R. At this time a second minimum appeared in the sternal region. The two minima then joined, forming a single sternal minimum, while the maximum moved toward the dorsal region. At the final stages of activation in the simulation, a small maximum appeared in the upper sternal region resulting in a pattern containing a single minimum and two maxima.
Throughout the simulated activation sequence, the major components of the sources were along the boundaries separating the depolarized cells from those in the resting state. Small gradients of intracellular potentials (and thus electrical sources in the simulation) did exist in the depolarized regions, however, as indicated by the intracellular isopotential lines on the heart cross-sections. In general, these intracellular isopotential lines, reflecting the initial slopes of the plateau regions of the action potentials used in the simulations, were similar in appearance to the activation isochrones.
Recovery
Figures 12-17 show the simulated isopotential surface maps and corresponding distributions of intracellular potentials during the S-T segment and T wave. Early in recovery, a precordial maximum was present with a very small minimum extending from the left precordium to the upper left sternal region. During the S-T segment, the maximum remained relatively stationary while the minimum divided into two separate minima, one of which moved dorsally and disappeared while the other moved to the upper right sternal region. The resulting pattern with a single maximum and minimum remained stable until the later stages of the T wave when the maximum moved slightly to the left.
Early in the S-T segment, the intracellular isopotential lines on the heart cross-sections were similar in form to the activation isochrones. Later in the S-T segment, the effects of variations in action potential durations became apparent and a new pattern of isopotential lines evolved which no longer directly reflected the activation sequence. This complex pattern was relatively stable throughout the T wave, with varying magnitudes of the local gradients of intracellular potentials. This stability in the pattern of intracellular potentials was reflected by the stability of the corresponding isopotential lines on the torso surface. Figure 18 shows the calculated standard 12-lead ECG resulting from the simulation of ventricular activation (13) , at 180 msec (14) , at 240 msec (15) , at 260 msec (16) , and at 280 msec (17) 
FIGURES 12-17 The simulated torso isopotential surface map at the J point (80 msec after the start of activation) (12), at 120 msec
. The intracellular isopotential lines on the heart cross sections are drawn in 1-mV steps (12 and 13), 2-mVsteps (14), 10-mV steps (15), and 5-mVsteps (16 and 17).
and recovery. The QRS complexes and T waves are well within normal limits in all leads.
Discussion
The isopotential surface maps presented representing ventricular activation are in good agreement with those reported for normal human subject. 14 The relative magnitudes and movements of the principal maximum and minimum are consistent with the major features described by Taccardi. In addition, many of the smaller details are seen, such as the appearance of a second minimum during the upstroke of R in lead II and a second maximum during the final stages of activation. Taccardi attributed this second maximum to activation of the crista supraventricularis. In the model, there was late activation near the right ventricular outflow tract, but no attempt was made to model active structures lying above the last complete cross-section at the base of the ventricles. This may explain the much smaller magnitude of this sternal maximum in the calculated maps.
A good agreement is also found when comparing the simulated surface maps during ventricular recovery with those reported for normal human subjects. 15 In both the simulated and measured maps, a precordial recovery maximum appears as soon as the late activation potentials disappear. As the S-T segment progresses the maximum remains stationary while a minimum develops in the upper right sternal area. This pattern containing a single maximum and minimum is relatively stationary until late in the T wave when the maximum moves slightly to the left. The greatest discrepancy between the calculated maps representing ventricular recovery and those reported in the literature is in the position of the minimum during the early portion of the S-T segment. The magnitude of this minimum is extremely small, however, and Taccardi noted the variability of its position in normal subjects.
Normal subjects often exhibit S-T segment potentials greater in magnitude than those obtained in the model study. A possible mechanism for this can be hypothesized by considering that many factors which act to alter action potential duration also alter the magnitude of the transmembrane resting potential. Although the mechanisms responsible for the normal distribution of action potential durations are not known, it is possible that there is a corresponding normal distribution of transmembrane resting potentials. Since electrocardiographic amplifiers are commonly AC coupled, the baseline shifts in the ECG resulting from such gradients of resting potentials would appear as reciprocal shifts in the S-T segment. The effects of such a distribution of resting potentials were tested in the model by assuming that the gradients of resting potentials were proportional to the gradients of action potential duration, with epicardial sites generally having a resting potential 5 mV less in magnitude than the endocardial sites. The resulting surface potential distribution during the early portion of the S-T segment was similar in appearance to those obtained during the T wave with magnitudes on the order of 0.1 mV. Thus, even relatively small variations in transmembrane resting potential can result in significant S-T segment deviations in the surface electrocardiogram.
These results indicate that the major features of the isopotential surface maps for normal human subjects during ventricular activation and recovery can be explained on the basis of the distribution of intracellular I . potentials in the myocardium and the distance and boundary effects in the torso. In this study, no attempt was made to represent torso volume conductor inhomogeneities such as the lungs and the blood masses in the ventricles. Simulation studies have indicated that the lungs may have only a small effect on the surface potential distributions.' 1 ' ' 6 The blood masses in the ventricles appear to be significant quantitatively,"' but may play a secondary role in determining the patterns of the isopotential lines on the torso surface. Further studies are necessary to demonstrate whether the effects of the blood masses are sufficient to justify the increased complexity Another source of error was the lumping of the electrical sources into 23 discrete dipoles. A more accurate approach would have been to calculate the surface potentials directly from the dipoles evaluated at each point in the heart model. This would have involved a much greater number of computations, however. Since each point in the heart model was within 19 mm of the member of the 23-dipole set which represented it, it is unlikely that the errors introduced by the lumping of the sources had a significant effect on the resulting surface potential maps.
The isopotential surface maps were originally calculated at 10-msec intervals during the simulated activation sequence, corresponding to the 10-msec isochrones shown in Figure IB. A comparison of the resulting maps at 30 msec ( Fig. 6 ) and 40 msec ( Fig. 8) with those reported by Taccardi indicated that the simulation had "missed" the period during which two minima were present simultaneously. This was reasonable since Taccardi reported the duration of this period to be from 3 to 10 msec in normal human subjects. To test whether the model would predict such a pattern, the isochrone data was extended to include activation at 35 msec. The resulting surface map with the pattern containing two minima is shown in Figure 7 .
A major advantage to performing a model study is that the resulting surface potential distributions can be compared directly to the simulation sources used in the model. For example, Taccardi 14 suggests that the appearance of the second minimum during the upstroke of R in lead II may be a result of the onset of right ventricular breakthrough. In the model, the first right ventricular breakthrough occurs at 30 msec (Fig. 6 ) and a small "niche" appears in the isopotential lines on the torso surface near the right ventricle. As the size of this break in the activation wavefront grows (Fig. 7) , a distinct minimum appears. Further growth in the size of the depolarized region on the right ventricular surface results in an increase in the magnitude of this minimum until it becomes the dominant minimum in the surface potential pattern (Fig. 8) .
To calculate intracellular potentials it was necessary to assign an activation time and an action potential shape to each point in the model. The limited electrophysiological data reported in the literature made it necessary to make assumptions concerning the details of the activation sequence and the distribution of action potential durations. As more comprehensive cellular data become available it will be possible to obtain more "realistic" distributions of intracellular potentials. It is important to note, however, that the general concept of an activation sequence coupled to a distribution of action potential durations (including gradients from epicardium to endocardium and from base to apex) was sufficient to account even for subtle features of the surface potential distributions during both ventricular activation and recovery.
Available data concerning the distribution of action potential durations in the normal heart are meager. In general, there appears to be a major gradient of durations from epicardium to endocardium and a secondary gradient from base to apex. 10 The details of these gradients and the underlying mechanisms are not known. To include such gradients of duration in the model, the relative distribution of action potential durations shown in Figure  1C was assumed. The maximum difference in durations between epicardial and endocardia! locations was then increased until the computed total heart dipole for the T wave was within normal vectorcardiographic limits. The resulting maximum difference of 42 msec is in reasonable agreement with measurements of functional refractory periods when differences in absolute duration between canine and human myocardial action potentials are taken into account.
Two other relative distributions of action potential durations were tested. In the first, no gradients of duration from base to apex were included. The resulting T waves for this distribution were very similar to those resulting from the distribution shown in Figure 1C . Removal of the gradients from base to apex resulted in slightly greater T wave magnitudes for a given maximum difference in action potential durations between epicardial and endocardial sites. In a second trial, differences in duration from base to apex were assumed to be equal in magnitude to the differences from epicardium to endocardium. Normal T vectors could not be obtained with this distribution.
One interesting aspect of the simulated intracellular potential distributions during ventricular recovery was that the coupling of the fairly regular activation surfaces (Fig. IB) and distribution of action potential durations (Fig. 1C) did not result in a mere reversal of the sequence of cellular recovery across the walls of the ventricles. At various locations in the heart model, major gradients of intracellular potentials existed across the wall from epicardium to endocardium, along the wall within one crosssection, and between adjacent cross-sections. The relative magnitudes of these gradients changed throughout recovery, but the general complex pattern of isopotential lines was relatively stable. The result was a stable and much simpler pattern of isopotential lines on the torso surface, as is observed experimentally.
An important feature of this model is that the simulation of torso surface potentials begins at the level of the cellular action potential. Changes in activation sequence or action potential shape can thus be related to changes in the surface electrocardiogram. Particular cardiac abnormalities can be simulated by appropriately modifying the action potential data used in the heart model. For example, experimental studies of the myocardial action potential foUowing occlusion of a coronary artery have indicated that characteristic changes occur in the shapes of the cellular action potentials recorded in the ischemic regions. 17 In general, there is a progressive reduction in the resting potential and in the action potential duration until finally no action potential can be elicited. We have been using such "ischemic" action potentials in our model' as part of our study of the electrocardiogram during acute ischemia and infarction. Simulated isopotential surface maps and standard 12-lead ECGs for ischemia and infarction in anterior, posterior, and inferior locations com- VOL. 43, No. 2, AUGUST 1978 pare well with similar data from human subjects, lending additional confidence to our simulation. These data will be presented in the following paper.
Appendix
The myocardium can be represented in an electrical analogue by a three-dimensional array of electrically interconnected cells located in an extracellular conducting medium. In this system, pathways for currents exist in the intracellular network through contacts between adjacent cells, in the extracellular network around cells, and through the cell membranes from one network to the other. Since electric potentials vary over distances greater than the dimensions of a single cell, the intracellular and extracellular networks can be approximated by two parallel continuous mediums with effective conductivities o, and o e , respectively. The electrical behavior of the resulting continuous system is described by the following equations,
where Oi and <&, . are the intracellular and extracellular potentials, respectively, and I m is the net membrane current per unit volume flowing from the intracellular medium to the extracellular medium. Combining Equations 1 and 2 results in
Equation 3 has the form of Poisson's equation and identifies the current dipole moment per unit volume Ji (as seen by the extracellular medium) as,
The dipole moment per unit volume in the myocardium is proportional to the spatial gradient of the intracellular potential distribution. Equation 4 provides the basis for the computational scheme used in the model study. It is evident from Equation 3 that the magnitudes of the extracellular potentials resulting from a particular intracellular potential distribution depend on the ratio, Oi/a e . An experiment which provides data on this ratio was reported by Woodbury and Crill 18 who injected current into a single cell in rat atrial trabecula and measured the resulting changes in transmembrane potential as a function of distance from the injecting electrode. To relate their experiment to our model, which includes distributed intracellular and extracellular mediums, consider the situation in which a current of magnitude I o is injected into the interior of a single cell at the origin of the coordinate system. Equation 1 must then be modified to include this current.
If the resulting changes in transmembrane potentials are below the threshold value, I m can be approximated by 
This ratio appeared as a parameter in our model and was adjusted to give realistic magnitudes to the simulated torso surface potentials. The resulting value aja e = 0.37 falls between the two estimated values. The anisotropy of X and a e was ignored in our model, as were differences in conductivity between the myocardium and other body tissues. In the model study, the complex volume conductor was approximated by a homogeneous torso in which constant scalar values for a, and a e were assumed. 
Simulation Studies of the Electrocardiogram
II. Ischemia and Infarction W A L T E R T. MILLER, III, AND DAVID B. GESELOWITZ
SUMMARY Experimental studies of the myocardial action potential following coronary artery occlusion have shown that the resulting regional ischemia is reflected by characteristic changes in the shapes of the action potentials in the ischemic region. The principal changes are decreases in the magnitude of the resting potential and in the action potential duration. Action potentials with prolonged durations have been observed in the infarcted regions of experimental animals after the development of inverted T waves in the surface electrocardiogram (ECG). We use such abnormal action potentials in our digital computer model to study the effects of acute myocardial ischemia and infarction on the surface ECG. The heart is represented in sufficient detail to allow variations in the location and size of the ischemic injury and in the distribution of the severity of injury within the injured region. The evolution of acute infarctions is simulated by progressively modifying the abnormal action potentials assigned to the injured region. Calculated standard 12 lead ECGs and torso isopotential surface maps for simulated acute ischemia and infarction are in good agreement with patient data reported in the literature. Typical simulations include anterior and inferior transmural ischemia and infarction and anterior subendocardial ischemia. The model is used to examine relationships between torso surface potentials during ventricular activation and recovery and the site and size of the ischemic injury.
THE electrocardiogram (ECG) has long been recognized as an important aid in the diagnosis and localization of myocardial ischemia and infarction. Characteristic changes in the QRS complexes, S-T segments, and T waves recorded from standard leads have been described for various stages of acute and chronic myocardial infarction.' S-T segment and T wave changes during exercise testing are significant indicators of ischemia resulting from coronary insufficiency. In addition to these qualitative tests, body surface mapping techniques are currently being studied in an effort to provide more accurate information concerning the location and extent of myocardial injury. 2 In spite of their widespread clinical and experimental use in the study of ischemia and infarction, the relationships between the changes in the surface ECG and the evolution of the injury at the cellular level are not clearly understood. Experimental studies have shown that characteristic changes take place in the shapes of cellular transmembrane action potentials recorded near the center of the injured region following an acute occlusion of
